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Abstract 

A confined vortex 00w was studied to determine the effect of the fluid mass 
flow rate and the exit orifice diameter on the radial static-pressure distribution 
for a given vortex tube diameter, length, and injection configuration. The exit 
hole diameter had a significant effect on the radial pressure distribution, and the 
mass flow rate lost its influence on the pressure distribution beyond a limiting 
value, which increased with increasing exit hole diameter. From 50 to 90% of 
the fluid momentum was lost at the cylindrical wall. A method was also devel- 
oped for determining the effective radial Reynolds number and effective exit hole 
radius from the experimentally determined maximum tangential Mach number and 
its radial location. 
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Radial Static Pressure Distributions in Confined Compressible 
Vortex Flow Fields 

1. Introduction 

In order to take full advantage of the inherent potential 
of nuclear fuel as a direct source of energy for rocket 
propulsion, a means must be found to circumvent the 
constraints imposed on system performance by the tem- 
perature limitations of solid-fuel elements. A desirable 
scheme would be one in which a very-high-temperature, 
gaseous, fissioning fuel and a gaseous propellant are 
mixed together so that the energy can be transferred 
directly from fuel to propellant particles by collisions and 
radiation absorption. It would then be possible to attain 
propellant temperatures substantially higher than those 
that are achieved with solid-fuel elements. Because of 
biological, economic, and performance considerations it 
would then be essential, however, to separate most of 
the fuel gas from the hot propellant gas before the latter 
is expelled through a nozzle. 

One such scheme, designated as a gaseous-vortex re- 
actor, is presented and partially analyzed in Ref. 1 and 
is shown schematically in Fig. 1. The gaseous-vortex- 
reactor concept takes advantage of the strong radial 
pressure gradient generated by a vortex-type flow to 
induce radial diffusion between the low molecular weight 
propellant gas and the much higher molecular weight fuel 
gas. Theoretically, the results of this binary diffusion 

phenomenon would be to separate and retain the fuel gas 
inside the reactor while the propellant flows through. 
The theoretical distribution of fuel gas inside the cylin- 
drical vortex tube would produce a low concentration 
near the cylindrical wall and near the centerline and a 
high concentration within an annular region of small 
radial increment. Conceptually, the propellant gas, which 
is injected tangentially into the vortex tube at the cylin- 
drical wall to sustain the rotational flow field, migrates 
radially inward through the dense, hot, annular cloud of 
fissioning fuel and then flows axially out through a hole 
in the center of one end wall. 

Since the crux of the separation process of the gaseous- 
vortex-reactor concept is the radial pressure gradient, or 
more precisely the radial gradient of the log of static 
pressure d In p/dr, the radial distribution of static pres- 
sure has been investigated both experimentally and ana- 
lytically. In this report, the results of an experimental 
program designed to measure the effect of the diameter 
of the orifice through which the fluid leaves the vortex 
tube and the effect of mass flow rate on the static pres- 
sure distribution are presented. Also, certain results of 
this experimental investigation are compared with several 
analytic descriptions of confined vortex flows found in 
the literature. 
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Fig. 1. Schematic diagram of gaseous-vortex separator 

II. Experimental Equipment and Techniques 

A. Vortex Tube 

The vortex tube used for this investigation was a right 
circular cylinder with an internal diameter of 4.50 in. 
and an internal length of 24.14 in. The exit orifice, a 
simple cylindrical hole located at the center of one end 
wall, was varied from 0.25 to 2.50 in. in diameter in 
12 steps, as one test parameter. Nitrogen was used as 
the working fluid and the mass flow rate was varied 
between 0.012 and 0.204 lbm/sec, as the second param- 
eter. However, it was not possible to vary the flow rate 
over the full range for any one exit orifice diameter 
because of pressure limitations on the apparatus. 

A drawing of the vortex tube is shown in Fig. 2. This 
apparatus consisted of two concentric steel tubes held 
together at both ends by flanges onto which the end 
walls were bolted. The annular space between the tubes 
served as a manifold which supplied the high-pressure 
gas to each of 804 jet tubes. These jet tubes were fabri- 
cated of 0.062-in. outside diameter by 0.007-in. inside 
diameter stainless steel tubing cut into 0.90-in. lengths 
and cemented into holes drilled through the wall of the 
inner tube. The overall effect of this arrangement was 
to have 0.00'7-in.-diameter driving jets arranged in a 
helix and tangent to a circle whose diameter was 92% 
of the inner tube's inside diameter. The helix contained 

six jets per cycle and had a pitch of 0.180 in.; this pattern 
of jets covered the entire inner cylindrical surface of the 
vortex tube. For all experiments the fluid, nitrogen, was 
discharged into the atmosphere through the exit hole in 
the end wall. 

B. Pressure and Temperature Measurements 

A pitot tube and a bare-wire thermocouple were used 
to measure the fluid stagnation pressure and temperature 
15 in. upstream of a choked venturi located in the line 
that supplied the high-pressure nitrogen to the vortex 
tube manifold. From these pressure and temperature 
data and the known characteristics of the venturi, the 
nitrogen mass flow rate was determined. The manifold 
pressure and temperature were similarly measured for 
each experiment. In addition, the static pressure at the 
vortex tube cylindrical wall, measured at the closed end 
of the tube, was monitored and held constant during 
each run. 

The radial static-pressure distribution on the closed 
end wall of the vortex tube was measured with a pres- 
sure tap located in a disk that was built into the end wall 
and could be rotated, as shown in Fig. 2. The pressure 
tap had a diameter of 0.010 in. and was approximately 
0.020 in. deep. This disk had its axis displaced 1.062 in. 
from the vortex tube centerline and was flush with the 
inner surface of the end wall. By rotating the disk, the 
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LET 

Fig. 2. Experimental vortex tube 

static pressure could be determined at any radial posi- 
tion from the centerline to a point 0.127 in. from the 
cylindrical surface of the vortex tube. 

The radial position of the pressure tap was determined 
by gearing a selsyn motor to the disk. The radial position 
of the pressure tap in the vortex tube, r, was equal to 
the chord distance between the vortex tube centerline 
and the tap position near the disk periphery, or r = 2.a 
X sin 6/2. The constant a, equal to 1.062 in., was the fixed 
distance between the disk center and the pressure tap 
location, and 6 was the disks angular rotation measured 
from the vortex tube centerline. (Since the selsyn output 
is proportional to sin 4, where 4 is the angular rotation 
of the selsyn shaft, r is directly proportional to the selsyn 
output if a 2-to-1 gear ratio between selsyn and disk is 
used, SO that 4 = e/2.) A rectified signal from the selsyn 
motor could then be fed directly to the x-axis of an 
x-y plotter. A pressure transducer was connected to the 
pressure tap through a short piece of tubing and its 
signal fed to the y-axis of the plotter. In this way, a trace 
of p = p(r )  was automatically obtained by rotating the 
disk through 180 deg. This procedure was repeated for 
each exit hole diameter and for several mass flow rates 
at each diameter. 

To prevent galling, some clearance had to be provided 
in the form of an annular gap between the disk and the 
end wall. It was expected that fluid would be trapped 
in the annular gap and driven radially inward by the 
radial pressure gradient. This fluid would erupt from 
the gap near the vortex tube centerline and disturb the 
end wall boundary layer. To minimize this effect, the 
disk was carefully fitted into a 0.0003-in. radially over- 
sized hole machined in the end wall. The fluid was pre- 

vented from leaking out through this gap by an O-ring 
located 0.050 in. beneath the inner surface of the end 
wall. Therefore, the resulting gap was approximately 
0.0003 in. wide and 0.050 in. deep. 

111. Results 

The radial static-pressure distributions obtained with 
the minimum exit hole diameter (0.25 in.), with one 
intermediate diameter (0.63 in.), and with the maximum 
diameter (2.50 in.) are shown in Figs. 3, 4, and 5 respec- 
tively, The cylindrical wall static pressure pw is the 
parameter in Figs. 3 and 4 and varies from approximately 
100 to 500 cm Hg (abs). With the maximum exit hole 
diameter, Fig. 5, the maximum wall pressure possible 
was 100 cm Hg (abs) because of pressure limitations on 
the vortex tube manifold and the supply system. For 
convenience, the scales on the x-y plotter were adjusted 
for each experiment so that the maximum pressure sensed 
by the probe was plotted as 1.0 at a radius of 1.0. This 
maximum sensed pressure p ,  was the pressure at a radius 
of 2.12 in., since that was the furthest point to which the 
pressure tap could be moved. Therefore, the recorded 
data, examples of which are reproduced in Figs. 3, 4, 
and 5, are distributions of the pressure ratio p / p ,  with 
respect to the radius ratio r / rp ,  where r, = 2.12 in. Hence 
the radius rp defines a cylindrical surface that bounds the 
vortex flow field within which the detailed pressure dis- 
tributions were made. The absolute value of the pressure 
p ,  was determined by making a linear extrapolation out 
to the cylindrical wall of the vortex tube, rw = 2.250 in., 
and using the independently measured wall pressure p,. 
For most experiments, the difference between p p  and pw 
was found to be less than the experimental uncertainty, 
and the maximum difference was found to be 2% of p,. 
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Fig. 3. Radial static pressure distributions, 0.25-in. exit hole diameter 
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I 2 3 4 5 6 7 
m ,  Ibm/sec-ft 0.0104 0.0229 0.0348 0.0567 0.071 I 0.0766 0.0964 
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RADIUS RATIO r / rp 

Fig. 4. Radial static pressure distributions, 0.63-in. exit hole diameter 
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Fig. 5. Radial static pressure distribution, 2.50-in. exit hole diameter 

The tangential Mach number M can be computed from 
the pressure distributions by using the radial momentum 
equation when this equation is simplified by assuming 
that the radial and axial velocities and all tangential 
gradients and body forces are zero and that the flow is 
steady in time. The resulting equation, which expresses 
the fact that the change of linear momentum of each 
fluid particle is exactly balanced by the local radial 
pressure gradient, is 

To compute the tangential Mach number from pressure 
distributions as shown in Figs. 3, 4, and 5, the pressure 
gradient 

P d- 
PO 
r d- 

TO 

- 

was determined graphically from the distributions. Equa- 
tion (1) was applied to the two pressure distributions in 
Fig. 4 corresponding with the minimum and maximum 
wall pressure p ,  for the 0.63-in.-diameter exit hole and 
to the pressure distribution of Fig. 5 where the exit hole 
diameter was 2.50 in. The resulting radial distributions 
of the tangential Mach number are shown in Figs. 6, 7, 
and 8, where the Mach number has been normalized 
with respect to the tangential Mach number at the 
reference radius rP. 

Also shown in Figs. 6, 7, and 8 are radial distributions 
of the tangential velocity ratio u/uP computed from the 
solution of a particular form of the tangential momentum 
equation to be discussed subsequently. When comparing 
Mach number distributions with the corresponding veloc- 
ity distributions, as is done in Figs. 6, 7, and 8, the 
assumption of an isothermal flow is implied. The radial 
static-temperature distribution, inferred from bare-wire 
thermocouple data, has been obtained in a similar vortex 
flow field and published in Ref, 2. It was found that the 
static temperature varied monotonically from 528"R at 
the periphery to 450"R at a point very close to the center- 
line. The temperature then was assumed to increase to 
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Fig. 6. Radial Mach number and velocity distribution, 0.63-in. exit hole diameter, low mass flow rate 
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Fig. 7. Radial Mach number and velocity distribution, 0.63411. exit hole diameter, high mass flow rate 
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Fig. 8. Radial Mach number and velocity distribution, 2.50411. exit hole diameter 

507"R at the centerline, where all velocity components 
were taken to be zero. This temperature variation would 
cause the Mach number to be, at most, approximately 
8% greater than the corresponding velocity. Hence, com- 

paring Mach number and velocity distributions directly 
is reasonable, since the determination of Mach number 
from the pressure profiles and of velocity from an assumed 
analytical model are themselves subject to some error. 

The form of the tangential momentum equation used to predict the radial distribution of tangential velocity shown 
in Figs. 6, 7, and 8 was obtained by first assuming the flow to be steady in time and axisymmetric, with no body forces 
acting and with a constant coefficient of viscosity. Applying these assumptions (which, with the possible exception of 
the last, are believed to be reasonable) to the general tangential momentum equation, found in Ref. 3 for cylindrical 
coordinates, the following equation is obtained: 

This equation has been discussed extensively in Refs. 4 through 8. If the second term on the left and the last term 
on the right are dropped, that is, if v is assumed to be independent of z,  and if a suitable assumption is made for the 
radial distribution of UT/", the equation becomes tractable. 

Although it has been shown in Refs. 7 and 8 that in the flows of interest, (aI'/r'w)/(WZ) is small, the question of 
omitting those terms involving av/az in Eq. (2) must take into consideration the relative magnitude of the various other 
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terms. To this end, an order-of-magnitude analysis of Eq. (2) was made. The tangential velocity was assumed to be 
given by v = crn and the various terms of Eq. (2) were evaluated to obtain the following results: 

) 
T a2vT 

UT v (  v azz 
w avr 
uv az n + --+ 1 = -  n ( n -  1) + n -  1 + -- (3) 

It has been shown by experiment (Ref. 9) that at large radii, where the tangential velocity is inversely proportioned to 
the radius, n is approximately -0.7. Also, from inspection of experimentally determined tangential Mach number 
distributions, it can be seen that n must become approximately 1 for small radii. Therefore, over most of the flow 
field, the radial terms in Eq. (2) are of order 1 and the remaining terms can be dropped only if they are of order less 
than 1. The part of the term on the left, (l/uv) (audaz), was evaluated by using the results of Ref, 7 and assuming that 
the radial velocity was constant and equal to the value u, computed from the measured &, p,, and To. This last 
assumption implies that the mass flow rate is a linear function of radius, or 

/ 

and is in approximate agreement with the results of Ref. 8. Note that the mass flow rate difference [& - h ( r ) ]  is 
that mass flow absorbed by the end wall boundary layers. It was found that ( l / u v )  (aur/az) in Eq. (3) vaned between 
approximately le2 and le3 for the experiments of this investigation. Hence, provided the axial velocity w was of the 
order of 10 to 100 ft/sec or less, depending on the experiment, this axial term was relatively small. The axial term 
on the right side of Eq. (3) was evaluated by assuming that the gradient a d a z  vaned linearly with z; it was found 
that this term was at most of order le5 and hence insignificant. Therefore, providing the axial velocity is small, the 
following form of the tangential momentum equation, which was used in Refs. 4-8, applies here: 

In the core of the flow, n is approximately equal to 1, so that the first term on the right of Eq. (3) also becomes rela- 
tively very small and therefore can also be neglected. 

Equation (5)  can readily be solved if the parameter ur/v  is either constant or proportional to the radius T or to r2. 
As has been done before, the vortex flow field was divided into a central core, in which U T / V  was allowed to vary with 
rz, and an outer annular region, in which ur/v was assumed constant. The radius dividing these two regions will be 
denoted by r,. For an incompressible, constant-viscosity fluid, the steady-state axisymmetric continuity equation is 

This equation shows that the assumptions above on the distribution of u r / v  lead to an axial velocity w that is linearly 
proportional to the axial coordinate z in the core ( r  < rc) and is independent of z for r > T,.  

It is convenient to write Eq. (5) in terms of UT. The boundary conditions then are UT = vPr, at r = rp for the other 
annulus and UT = 0 at T = 0 for the core. The second two necessary boundary conditions are obtained by matching 
the outer and inner solutions at rc; hence 

(U+WmLlus = (VT)core 

10 J P L  TECHNICAL REPORT 32-1076 



and 

annulus core 

at T = rC. The solution of Eq. (5)  is then 

(2 - Re,) exp ( M  Re,) 
- _  * -  

[(Z - Re,) exp (% Re,) - 21 + Re, UP 

in the core and 

R e r -  2 1 - R e , -  
[ ( 2  - Re,) exp ( M  Re,) - 21 (L)-’ + Re, (5) 

(L) T, 

* P  (3 [ ( 2  - Re,) exp (?4 Re,) - 21 + Re, 

(7) 

outside the core. Since the parameter UT/” is the ratio of the radial inertia force to the viscous force, it has been called 
the radial Reynolds number. Hence the substitution Re, -  UT/^ was made. Both solutions, Eqs. (7) and (8), are 
indeterminate for Re, = 2; hence Eq. (5 )  must be solved separately for this particular value of Re,. This has been done 
in Refs. 4, 5, and 6 and will not be repeated here, since one is not likely to achieve a precise value of 2 for Re, in any 
given experiment. 

To compute the complete radial distribution of the tangential velocity from Eqs. (7) and (8 ) ,  as was done for Figs. 
6, 7, and 8, values must be assigned to the parameters rC and Re,. Note that the parameter Re, is equal to h / % p  
where h is the mass flow rate per unit length of vortex tube. If Re, is computed from the measured total mass flow 
rate for a given experiment and if T,  is taken as the radius of the exit hole, the resulting velocity distribution is 
found to be considerably different from that computed from the radial static pressure distribution (see, for example, 
Ref. 10). In order to get reasonable agreement between the analytic and experimental velocity distributions, a trial- 
and-error procedure was followed in Ref. 10 to find the “right” values for rc and Re,. For the particular set of condi- 
tions chosen in Ref. 10, rC was found to be considerably less than the exit hole radius re, and Re, was found to be 
considerably less than ?i2/&p. 

In order to determine the appropriate values of rC and Re, for each of the large number of experiments of this 
investigation, an alternate procedure has been developed. This procedure is based on the observation that the two 
most prominent characteristics of the radial Mach number distributions are the maximum Mach number and its radial 
position. From these two experimental quantities, the parameters T ,  and Re, were uniquely determined. By using 
these values of rc and Re, in Eqs. (7) and (8), the velocity distributions of Figs. 6, 7, and 8 were obtained. Notice that 
the computed velocity distributions do not pass through the reference points M J M ,  in Figs. 6 and 7 or through 
M / M ,  = 1 at r / rP = 1 in Fig. 8. These anomalies are simply due to round-off errors incurred in the hand computations; 
however, they illustrate the sensitivity of the equations to small errors. For example, two sets of M J M , ,  Tm/Tp  were 
assumed for the experimental distribution of Fig. 7, and the velocity distribution was calculated for both. Both distri- 
butions are plotted in Fig. 7 and clearly show the sensitivity to small variations in M , / M p  and T m / T p .  

In general, agreement between the analytic and experimental results is considered satisfactory. The only signifi- 
cant departure is noted near the cylindrical wall in Figs. 6 and 7. This departure can be accounted for by considering 
viscous effects at the cylindrical wall, as has been done in Ref. 6. 
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To develop the expressions for rc and Re, in terms of the two known quantities, the normalized maximum tangen- 
tial velocity vm/vP and the normalized radial location of the maximum tangential velocity rm/rp, Eq. (8) was differ- 
entiated once with respect to the radius r. The velocity gradient 

T ,  

was then set equal to zero and the resulting equation solved for radius rm/rP  with the result 

(2 - Re,) eRer/Z - 2 1 / ( 2 - R e r )  

"="[ r, rp Re, (1 - Re,) 1 
Equations (8) and (9) were then combined to obtain an expression for the maximum tangential velocity 

(9) 

Equations (9) and (10) were solved simultaneously for Re, and r c / r p  in terms of rm/rp and v,,,/up. The results are 

Re, (1 - Re,) I / ( Z - R e , )  

(11) 1 ( 2  - Re,) eRe+ - 2 

and 

Since Eq. (12) is transcendental, it must be solved by trial and error. The solution, obtained to any desired accuracy 
consistent with the accuracy of the experimentally determined r , / rp  and v,,,/vP, is then used in Eq. (11) to obtain 
rc/rp.  Equation (12) has two roots; the first is constant (Re, = 2) and hence is independent of rm and urn, while the 
second depends on rm and vm and is the one of interest here. 

The maximum tangential velocity occurs at the core radius rc (r, = r,)  when the radial Reynolds number equals 
2.513; for smaller Reynolds numbers, rm > rc, as was determined from Eq. (9). Therefore, the results obtained from 
Eqs. (11) and (12) are meaningful only when the Reynolds number turns out to be less than 2.513. When the pro- 
cedure just outlined is applied to Eq. (7), results valid for Re, > 2.513 are obtained. These are 

-- urn - 0.451 
UP 

rm - r,  2.513 
1;-.n(..;-> 

(2 - Re,) eRer/z 

[(2 - Re,) eRe+ - 21 + Re, 
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and 

Re r c / r p  rc/re 

1.638 0.01 43 0.242 

- - - 
- - - 
- - - 

2.229 0.01 40 0.237 

1.696 0.0250 0.283 

2.142 0.021 9 0.248 

2.079 0.0206 0.233 

The maximum Mach number M ,  and its location rm 
were determined for each experiment by applying Eq. 
(1) at several points in the vicinity of the maximum 
pressure gradient, plotting these M vs 7, and selecting 
the maximum. Equation (1) was also applied at r,  to 
determine the peripheral Mach number M,. This result 
is listed in Table 1. Equations (11) and (12) were then 
used to compute the core radius r,/rp and the radial 
Reynolds number Re,, and these are also listed in Table 
1. In addition, the various experiments are identified by 
the exit hole radius re, wall pressure p,, and mass flow 
rate per unit length of vortex tube 61. 

th/m.b 

- 
- 
- 
- 

385 

83 

181 

266 

For several experiments, the Reynolds number turned 
out to be greater than 2.513; hence these values are in- 
valid. This result was true of Run 47, which is the experi- 
ment shown in Figs. 5 and 8, and the Reynolds number 
and core radius were then recomputed from Eqs. (15) and 
(16). This second set of results is also listed in Table 1, 
where it is seen that the correct Re, is approximately 
four times greater than that computed from Eq. (12). 
Also listed in Table 1 is the radial Reynolds number 
based on the mass flow rate and molecular viscosity 

&/.%p,. It is clearly seen that the value of the param- 
eter Re,, used in Eqs. (7) and (8), which best describes 
the flow field is considerably less than &/&p,. This result 
is in general agreement with those of Refs. 11 and 12; 
however, it is not clear whether the reduced value of 
the effective Reynolds number is due to a reduced radial 
mass flow rate (because of the end wall boundary layers) 
or to an increased effective viscosity due to turbulence, 
or to both effects. 

The core radius re is compared with the exit hole 
radius re in Table 1. For most experiments, re < re; how- 
ever, for Run 47, rc > re. This means that under some 
conditions, the effective Reynolds number is a function 
of radius at radii greater than re. Also for Run 47, 
rc/rp > 1, which means that at least for that particular 
run the velocity distribution can best be described by 
a radius-dependent Re, at all radii. 

The maximum Mach number M ,  is also plotted vs 
mass flow rate h in Fig, 9, with exit hole radius re and 
wall pressure p ,  as parameters. Points of constant exit 
hole radius and of constant wall pressure in Fig. 9 and 

Table 1. Computed values of the effective radial Reynolds number and core radius 
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- 
0.01 09 

0.01 64 

0.0219 

0.0274 

0.0060 

0.01 29 

0.01 89 

100.0 

199.8 

300.4 

400.1 

499.8 

100.1 

150.0 

200.0 

51 1 

510 

51 2 

505 

503 

51 2 

507 

503 

32- 1076 

M P  

0.076 

0.082 

0.071 

0.046 

0.046 

0.077 

0.071 

0.089 



Run 

9 

10 

1 1  

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30' 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

47 

1 
0.1 18 

I 
I 

0.147 

0.1 77 

I 
I 

0.236 

0.294 

1 
1 

0.353 

0.41 2 

4 
4 
4 

0.471 

0.530 

0.589 

A, Ibm/sec-ft 

0.0288 

0.0383 

0.0477 

0.0080 

0.01 69 

0.0254 

0.0422 

0.0568 

0.071 7 

0.01 04 

0.0229 

0.0348 

0.0568 

0.071 2 

0.0767 

0.0964 

0.01 29 

0.0284 

0.0432 

0.071 6 

0.091 6 

0.01 79 

0.0432 

0.0622 

0.0950 

0.1003 

0.0249 

0.0598 

0.0945 

0.0333 

0.0786 

0.1 01 3 

0.0447 

0.0995 

0.0577 

0.1 000 

0.0751 

0.0990 

0.0969 

0.0969 

pm, cm Hg (abs) 

300.1 

400.0 

500.0 

100.2 

150.0 

200.0 

300.0 

400.3 

500.0 

100.2 

150.1 

200.0 

300.5 

370.5 

400.0 

500.0 

100.0 

150.0 

200.0 

299.9 

400.0 

100.0 

150.0 

200.0 

269.0 

270.0 

100.1 

150.0 

200.0 

100.0 

150.0 

176.0 

100.0 

142.7 

100.0 

124.5 

100.1 

111.2 

99.9 

99.9 

To,  O R  

499 

497 

498 

513 

510 

506 

494 

505 

492 

510 

507 

497 

493 

496 

496 

501 

514 

510 

507 

509 

501 

520 

503 

493 

497 

50 1 

522 

502 

508 

51 2 

490 

493 

51 4 

505 

51 1 

507 

51 1 

510 

514 

514 

0.1 27 

0.109 

0.1 20 

0.104 

0.1 20 

0.1 15 

0.163 

0.158 

0.151 

0.1 04 

0.1 27 

0.148 

0.1 95 

0.207 

0.207 

0.200 

0.141 

0.1 89 

0.214 

0.221 

0.261 

0.1 59 

0.237 

0.275 

0.300 

0.316 

0.224 

0.325 

0.354 

0.261 

0.327 

0.338 

0.316 

0.348 

0.316 

0.393 

0.368 

0.431 

0.434 

0.434 

Ret 

1.691 

2.046 

1.950 
- 

1.888 

2.449 

1 .a49 

1 A44 

1.885 

2.045 

2.356 

2.682' 

2.052 

2.132 

2.034 

2.01 8 

1 .867 

2.626' 

2.824' 

2.51 2 

2.281 

2.246 

2.789" 

2.649" 

2.700" 

2.095 

2.367 

2.067 

2.087 

4.821' 

5.145" 

- 
4.246' 

6.111' 

21.660' 

6,927" 

21.380" 

6.028" 

2.570" 

10.603 

0.0097 

0.021 2 

0.021 3 
- 

0.0224 

0.0454 

0.0236 

0.01 87 

0.0207 

0.0574 

0.0580 

0.0753 

0.0443 

0.05 1 8 

0.0440 

0.0392 

0.0575 

0.1175 

0.1318 

0.0800 

0.0759 

0.1 269 

0.1 784 

0.1 590 

0.1 500 

0.0899 

0.2568 

0.1 780 

0.1 434 

0.5620 

0.4756 

- 
0.6001 

0.51 64 

0.9027 

0.671 6 

0.9832 

0.7729 

0.7078 

1.397 

r c / r a  

0.1 10 

0.240 

0.241 
- 

0.190 

0.385 

0.1 76 

0.158 

0.1 75 

0.390 

0.395 

0.51 2 

0.301 

0.352 

0.299 

0.266 

0.325 

0.661 

0.746 

0.452 

0.429 

0.538 

0.754 

0.674 

0.636 

0.38 1 

0.874 

0.605 

0.486 

1.592 

1.348 

- 
1.456 

1.252 

1.91 7 

1.427 

1 .a55 

1.458 

1.202 

2.373 

409 

544 

677 

112 

236 

356 

597 

799 

1015 

145 

322 

497 

813 

1017 

1095 

1380 

179 

397 

610 

1006 

1293 

246 

615 

900 

1371 

1495 

343 

854 

1348 

467 

1147 

1473 

629 

1418 

815 

1417 

1064 

1419 

1387 

1387 

*There values of Re, were obtained from Eq. (12)  and, since they are greater than 2.513, are invalid. 
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Fig. 9. Effect of exit hole diameter and mass flow rate on the maximum tangential Mach number 

similar figures to follow are joined by straight lines to 
help clarify the trends; these straight lines are not in- 
tended as interpolations. Several experiments were per- 
formed at unique values of wall pressure, and the data 
points obtained are labeled with the pressure p ,  in the 
figures. In a similar manner, the Mach number ratio 
M J M ,  and the location of the maximum Mach number 
rm/rp are plotted in Figs. 10 and 11 respectively. 

The tangential velocity at the periphery u,, was com- 
puted from the tangential Mach number M, and measured 
manifold temperature To by assuming that the stagnation 
temperature at rp was equal to To,  hence 

This velocity is plotted in Fig. 12 as a function of mass 
flow rate per unit length of vortex tube h? with exit hole 
radius re and cylindrical wall static pressure p ,  as param- 
eters. In this figure, the points for which the driving jets 
were found to be subsonic are closed and those for the 
sonic jets are open. 

The velocity of the fluid at the exit plane of the driving 
jet tube was computed from the measured manifold 
pressure and temperature, the measured cylindrical wall 
static pressure, and the total mass flow rate by assuming 
that the flow in the jet tubes followed the Fanno Line 
relationships of Ref. 13. Appropriate corrections, as de- 
scribed in Ref. 14, were made for losses incurred at the 
jet tube inlets, The resulting jet velocity vjet  is shown in 
Fig. 13 as a function of total mass flow rate per unit 
length and exit orifice diameter, It can be seen that for 
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Fig. 10. Effect of exit hole diameter and mass flow rate on ratio of the maximum to the peripheral Mach number 
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Fig. 13. Velocity of the driving jets at the jet tube exit plane 

most of the experiments the jet exit velocity was sonic 
and therefore independent of the cylindrical wall static 
pressure and hence of the exit hole diameter. Sonic veloc- 
ity corresponding to the computed temperature of the 
fluid at the exit plane of the driving jet tubes varied 
from 1006 to 1040 ft/sec. For exit hole to vortex tube 
diameter ratios of 0.056 and 0.083, the jet exit velocity 
does not approach the sonic condition as the mass flow 
rate is increased. Apparently, for these small exit holes, 
the increase in wall pressure p, with increasing mass 
flow rate is sufficient to prevent the jet velocity from 
becoming sonic. This rapid increase of p ,  with mass flow 
rate for the smaller exit holes is clearly seen in Fig. 14. 
However, the flow in the exit holes may have been sonic, 
since Fig. 15 shows the mass flow rate to be a linear 
function of the manifold pressure for all exit hole diam- 
eters, including the two smaller ones. 

The average radial velocity of the fluid at the periph- 
ery of the vortex flow was computed for each experiment 
from the continuity equation: 

The local values of the peripheral radial velocity would 
vary from this average value if there were axial velocities 
in the annulus between the periphery of the vortex flow 
rp  and the vortex tube wall r,. However, it does not seem 
probable that appreciable axial velocities could be gen- 
erated in so short a distance. There could also be local 
variations of the peripheral radial velocity because of the 
discrete inlet jets, but nothing can be said of their magni- 
tude. The peripheral tangential velocity is shown as a 
function of the pheripheral radial velocity in Fig. 16 with 
points of equal exit hole diameter designated by com- 
mon symbols. It can be seen that within the scatter of 
the data the peripheral tangential velocity is correlated 
with the peripheral radial velocity throughout the range 
of mass flows and exit hole diameters investigated. Note 
also that the ratio of the tangential to radial peripheral 
velocities, vp/up, is a constant, approximately equal to 
1.20 X lo3, for values of the peripheral tangential veloc- 
ity between approximately zero and 350 ft/sec. It also 
appears that this ratio jumps to a second constant value 
of 0.61 X 103 for vp  > 350 ft/sec. In Ref. 15, it was 
shown that for any given vortex tube the ratio of tan- 
gential to radial Reynolds numbers is a function of the 
cylindrical wall skin friction coefficient only. Also, be- 
cause of the way the Reynolds numbers are defined in 
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Ref. 15, this ratio of Reynolds numbers is equivalent to 
the ratio of tangential to radial velocities. The expression 
for the Reynolds number ratio given in Ref. 15 can be 
inverted to obtain the following expression for the skin 
friction coefficient in terms of the Reynolds number or 
velocity ratio: 

0 

(19) 

I I I I I I I I I I 

The symbol P represents the ratio of vortex -ibe cylindri- 
cal wall area to the total driving jet exit area and, for the 
vortex tube used for this investigation, p = 1.10 X lo4. 
Through the use of Eq. (19), the skin friction was found to 
be 0.014 for vp < 350 ft/sec and 0.056 for vp > 350 ft/sec. 
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Fig. 17. Static pressure at center of closed end wall 
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During this series of experiments, the exit hole diam- 
eter was used as a parameter. However, it is believed 
that the momentum loss at the periphery of the vortex 
flow is governed by the pressure or density level. Con- 
sequently, the data are presented accordingly. Of course 
the cylindrical wall pressure is itself governed by the 
exit hole diameter, and the relationship between the 
peripheral static pressure, total mass flow rate, and exit 
hole diameter is shown in Fig. 14 for completeness. 

To complete the description of these several radial 
pressure distributions, the static pressures as measured 
at the center of the closed end wall are shown in Fig. 17. 
Points for which the exit hole radius was held constant 
are connected by solid lines, while those for which the 
cylindrical wall static pressure was constant are con- 
nected by dashed lines. It can be seen that for all the 



. 

conditions of these experiments the centerline static pres- 
sure was less than atmospheric. Since the vortex tube 
was open to the atmosphere at the exit hole, a recircula- 
tion must have been generated near the centerline at the 
exit end of the tube. However, measurements discussed 
in Ref. 16 indicate that this recirculation has very little 
influence on the internal flow structure. In general, for a 
given exit hole diameter, the centerline static pressure 
first decreases from one atmosphere, reaches a minimum, 
and then increases again as the total mass flow rate is 
increased. From the results obtained with the two smaller 
exit holes, it seems probable that the rise in centerline 
static pressure with increasing total mass flow rate is 
quite rapid and would produce pressures above ambient 
if the mass flow rates were high enough. It is interesting 
to note that there seems to be a lower limit of approxi- 
mately 2 psia on this centerline static pressure, inde- 
pendent of exit hole diameter or p,. 

IV. Discussion 

The radial static pressure distributions measured on 
the closed end wall of a simple vortex tube were found 
to be well behaved monotonic functions of radius for all 
mass flow rates and exit hole diameters investigated. It 
appears that for any given configuration the normalized 
pressure distributions rapidly approach a constant lim- 
iting distribution as the mass flow rate or reference pres- 
sure increases. This rapid convergence can be clearly 
seen in Fig. 3, for an exit hole diameter of 0.25 in., and 
in Fig. 4, where the exit hole diameter was 0.63 in. Once 
this limiting distribution is reached, the pressure gradi- 
ent dp/dr becomes a linear function of the reference 
pressure pp and hence of the pressure level in the vortex 
tube. This means that the term d In p/dr,  which deter- 
mines the tangential Mach number and is responsible for 
the binary diffusion in the gasious-vortex-reactor concept 
of Ref. 1, is independent of p p  once this limit is reached. 
Since this reference pressure depends on the mass flow 
rate, as can be seen in Fig. 14 (the cylindrical wall static 
pressure p ,  is approximately equal to pp) ,  the driving 
potential for binary diffusion d In p/dr becomes inde- 
pendent of the mass flow rate as m is increased. To sus- 
tain a dense annular cloud of fuel gas in the gaseous- 
vortex reactor with a minimum fuel gas loss rate, the term 

1 d l n p  
m dr 
-- 

must be maximized; this was shown in Ref. 17. There- 
fore, a very definite limit exists on the propellant mass 

flow rate capacity of a vortex tube, as used in the gaseous- 
vortex-reactor concept. 

This result is generalized to other exit hole diameters 
in Fig. 10, where the maximum tangential Mach number 
M m ,  which is approximately proportional to the maximum 
driving potential d In p/dr,  is shown as a function of 
mass flow rate with exit hole diameter and cylindrical 
wall static pressure as parameters. The maximum M,, if 
one exists, was not reached for the larger exit holes be- 
cause of the mass flow limitations on the experimental 
equipment. It appears that, at least for the smaller exit 
holes, the maximum Mm achieved increases slightly with 
increasing exit hole diameter and that it requires more 
mass flow to achieve the maximum M., as the exit hole 
diameter increases. Therefore, to optimize the vortex 
tube as a heavy gas separation device, one might con- 
sider making the exit hole diameter small. Of course the 
exit hole diameter is only one of several variables that 
must be considered before the heavy gas separation can 
be optimized. For example, the effect of mass flow rate 
and pressure level on the nature of the flow (laminar or 
turbulent) and on the end wall boundary layers, which 
have a profound effect on the vortex flow field, must be 
considered. To illustrate this point, note in Fig. 9 that 
for an exit hole radius ratio re/rp of 0.147, the term Mm/m 
decreases from approximately 50 at low h to 10 at high 
mass flow, whereas the separation measurements of Ref. 
17, made with the same vortex tube and exit hole diam- 
eter, show an increase of heavy gas separation as m in- 
creases. 

The peripheral tangential velocity up is plotted as a 
function of mass flow rate m with cylindrical wall static 
pressure and exit hole diameter as parameters in Fig. 12 
and as a function of peripheral radial velocity up with 
exit hole diameter as a parameter in Fig 16. The signifi- 
cant trend in Fig. 12 is the decrease of the peripheral 
tangential velocity with increasing pressure and decreas- 
ing exit orifice size. This means that for a given total mass 
flow rate the angular momentum available to the vortex 
flow field at its periphery, hvPrp, decreases with increas- 
ing pressure: Unless some way is found to substantially 
overcome this loss, the peripheral tangential velocity 
will be small indeed for the 170- to 500-atmosphere 
cylindrical wall pressure assumed in Ref. 1 for a practical 
gaseous-vortex reactor. Increasing the peripheral tangen- 
tial velocity by large increases in the total mass flow rate 
would not be feasible unless the excess mass flow is bled 
off, for example by wall suction, before it enters the 
region where the maximum diffusion rates are expected 
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to occur. The idea of wall suction was analytically in- 
vestigated in Ref. 18 and experimentally investigated in 
Ref. 11. In this respect, the ability of the end wall 
boundary layers to bypass a very large fraction of the 
injected mass flow around the regions where diffusion 
and the consequent high fuel concentrations are to occur 
might be an advantage. 

A further significant effect found in these results is the 
apparent jump in cylindrical wall skin friction seen in 
Fig. 16. Apparently the flow along the cylindrical wall 
changes character at a tangential velocity of approxi- 
mately 350 ft/sec, somewhat like the transition from 
laminar to turbulent flow in pipes. This effect would fur- 
ther reduce the angular momentum available to the vor- 
tex flow field. 

The angular momentum available to the vortex flow 
field is given approximately by huprpl and the angular 
momentum injected into the vortex tube by approximately 
[huj,,Z + (p i , ,  - pp)Aje t ] rp .  If the contribution to the 
injected momentum represented by the pressure differ- 
ence ( p i e ,  - p p )  is neglected, the ratio of average peri- 
pheral to injected angular momentum is approximately 
up/uje t .  From Figs. 12 and 13, this ratio is seen to vary 
from approximately 0.1 to 0.5. This means that from 50 
to 90% or more of the injected momentum is dissipated 
by viscous effects in the vicinity of the cylindrical wall of 
the vortex tube. Therefore, to improve the performance 
of vortex tubes, for whatever purpose, consideration must 
first be given to these losses at the cylindrical wall. 
One method of overcoming these losses (wall suction) 
has been referred to (Refs. 11 and 18). A second inter- 
esting method has been proposed and investigated by 
the authors of Ref. 19. This method consists essentially 
of a number of vortex flows rolling on each other like 
rollers in a printing press. In principle, this flow would 
eliminate velocity gradients over part of the boundaries, 
thereby reducing the total momentum loss. 

The complete results of Figs. 9 and 11 show that for 
any given total mass flow rate, as the exit hole diameter 
decreases, the maximum Mach number increases and 
occurs at smaller radii. This seems to indicate that as the 

exit hole becomes smaller for a given mass flow rate, the 
fluid and hence angular momentum is being convected 
to smaller radii. At the same time, Fig. 12 shows that the 
peripheral tangential velocity decreases as the exit hole 
becomes smaller, again for a given mass flow rate. There- 
fore, the total effect of decreasing the exit hole diameter 
is to decrease the angular momentum available to the 
vortex flow at its periphery and to force this angular 
momentum to be convected to regions of smaller radii. 
Note also that for exit hole diameter ratios equal to or 
less than 0.294, the maximum tangential Mach number 
is found to occur at a radius less than the exit hole radius; 
for diameter ratios equal to or greater than 0.353, the 
maximum tangential Mach number is found at radii 
greater than the exit hole radius. 

V. Conclusions 

The radial static pressure distribution has been mea- 
sured on the closed end wall of a right circular cylinder 
vortex tube for a range of exit hole diameters and mass 
flow rates. From these measurements it is concluded that 

(1) A limiting radial distribution of tangential Mach 
number and binary diffusion driving potential 
d In p /dr  exists for any given configuration. As 
the mass flow rate increases, this limit is soon 
reached, and further increases of m have no effect 
on p / p , ,  on M, or on d In p /dr .  

(2) To improve the performance of a vortex tube (ex- 
tending the limits on M or on d In p/dr) ,  a fruitful 
area to concentrate on would be the loss mecha- 
nism at the cylindrical wall. 

Several experimentally determined radial distributions 
of tangential Mach number have been compared with the 
radial distribution of tangential velocity computed from 
a particular form of the tangential momentum equation. 
It is concluded that this method of computing = f ( r )  
gives reasonably accurate results. However, the compu- 
tation requires values for two parameters, Re, and rc/rp, 
and there appears to be no easy way of selecting the 
values that correspond with any particular set of experi- 
mental conditions. 
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Nomenclature 

a 

A 
C 

Cf 
1 

r;l 
M 
n 

P 

R 
Re, 

T 

r 

U 

0 

W 

2 

P 

distance from disk centerline to pressure tap, 
1.063 in. 
cross-sectional area 
a positive constant of arbitrary value 
average skin friction coefficient 
length of vortex tube 
mass flow per unit length of vortex tube 
tangential Mach number 
exponent in approximate equation for tangential 
velocity 
static pressure 
radial coordinate 
gas constant 
radial Reynolds number, defined as ( - U T / “ )  

static temperature 
radial velocity 
tangential velocity 
axial velocity 
axial coordinate 
ratio of vortex tube cylindrical wall area to total 
driving jet exit area 

y ratio of specific heats 
r circulation, defined as UT 

8 angular orientation of disk, measured from vortex 
tube centerline 

p molecular viscosity 
v kinematic viscosity 

4 angular orientation of selsyn armature 

Subscripts 

C 

ce 
e 

jet 
m 
0 

P 
W 

refers to radius of core in analytic model 
value at centerline of vortex tube 
value at edge of exhaust hole 
refers to driving jets 
refers to maximum tangential Mach number 
value in vortex tube manifold 
value at reference radius, equal to 2.12 in. 
value at cylindrical wall of vortex tube 
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